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Identification of TINF2 gene mutations in adult Japanese
patients with acquired bone marrow failure syndromes

Mutations of the genes involved in human bone-marrow
failure syndromes (BMFS) have been identified in components
of the telomerase- and telomere-associated genes, including
the TINF2 gene on chromosome 14q11-2, which encodes the
40 kDa TIN2 component of the telomere-associated shelterin
protein complex (Calado & Young, 2008; Savage et al, 2008;
Walne et al, 2008; Walne & Dokal, 2009). Clinically, it is very
important to identify patients with pathogenic mutations in
the telomere- or telomerase-associated genes, because these
patients will probably exhibit refractoriness to conventional
immunosuppressive therapy (IST) (Calado & Young, 2008).
Several recent studies showed heterozygous TINF2 mutation in
1-5% of patients with acquired aplastic anaemia (AA) (Walne
et al, 2008; Du et al, 2009). The subjects of these studies were
Caucasian, Black and Hispanic. Analysis of the TINF2 gene
among adult Asian populations of AA and myelodysplastic
syndrome (MDS), to the best of our knowledge, had never
been done. The largest controlled epidemiological study
reported that the incidence of AA in the West was 2cases/
million/year, but was about two- to three-fold higher in Asia
(Issaragrisil et al, 2006). Therefore, we carried out an inves-
tigation to determine whether mutations in TINF2 could be
found in our cohort of adult Japanese patients with acquired
BMFS, and if so, at what frequency. We screened exon 6 of
TINF2, as it was previously found to be a potential hotspot for
disease-associated mutations (Walne ef al, 2008; Du et al,
2009), among 142 Japanese patients who were diagnosed with
acquired AA or MDS refractory anaemia between 1993 and
2006 at the Nippon Medical School Hospital. We excluded AA
and MDS patients who were found to carry mutations in the
telomerase TERC or TERT gene. We identified two AA patients
(1-4%) with TINF2 heterozygous mutations, which were
P283H and n865-866 di-nucleotide CC deletion (Fig 1A).
The n865-866 di-nucleotide CC deletion in the TINF2 gene is
a novel mutation that has not been previously identified.
These mutations were not found in 300 healthy controls.
Because of the lack of biological sample from the relatives of
the patients as well as other tissues of the patients, it was not
possible to determine whether these were segregational or
germline mutations. Using Southern blotting technique, we
compared the length of telomeres of mononuclear cells in AA
patients who carried the TINF2 mutations to those of healthy
age-matched controls. As shown in Fig 1B, AA patients with
TINF2 mutations (Patients 1 and 2) showed much shorter
telomere lengths than those of healthy age-matched controls.
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Fig 1. Identification of TINF2 mutations and telomere length mea-
surements. (A) Gene mutations identified by direct sequencing. In the
case of the n865-866 di-nucleotide CC deletion (Patient 2), the TINF2
PCR product was sub-cloned into pCR2-1-TOPO expression vector
and sequenced. (B) telomere lengths of patients with TINF2 mutations.
Patient 1: 3-1 kb, Patient 2: 4:9 kb.

The clinical characteristics of these two patients with TINF2
mutation are shown in Table I. Both of the patients with
TINF2 mutations were diagnosed with severe AA with no
physical features of Dyskeratosis Congenita or its severe
variant Hoyeraal-Hreidarsson syndrome (HH) (Walne et al,
2008) and showed no clinical response to IST. We attempted
treatment of our patients with TINF2 mutations with
metenolone, which is a dihydrotestosterone (DHT)-based
anabolic steroid with androgenic properties, but they did not
show any favourable clinical responses, unlike a previous
report of favourable haematological response in BMFS
patients with TERT mutations upon androgen treatment
(Calado et al, 2009). In summary, we report here for the first
time TINF2 natural mutations in 2/142 Japanese patients
with acquired BMFS, which is at about the same frequency
(1-4%) as reported in patients of other ethnic groups
(Caucasian, Black and Hispanic) (Walne et al, 2008; Du
et al, 2009).
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Table I. Clinical characteristics of patients with TINF2 gene mutations.

Location of Age

Family Physical Neutrophils Hb  Reticulocytes Platelets Chromosome Shortened

Patient Gene  mutation (years) Sex Diagnosis history anomaly (x10°/1) (g/) (x10°/1) (x10%/1) abnormality  telomere  Treatment
1 TINF2 P283H 22 M sAA = - 04 76 168 19 = : No response
to IST
2 TINF2 Del 29 M sAA - - 035 69 150 22 - * No response
n865-866 to IST
sAA, severe aplastic anaemia; IST, immunosuppressive therapy.
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KEYWORDS Abstract Mutations in the recombination activating genes (RAG 1 or RAG2) can lead to a variety of
RAG deficiency; immunodeficiencies. Herein, we report 5 cases of RAG deficiency from 5 families: 3 of Omenn
SCID; syndrome, 1 of severe combined immunodeficiency, and 1 of combined immunodeficiency with
Omenn syndrome; oligoclonal TCRy&" T cells, autoimmunity and cytomegalovirus infection. The genetic defects were
TCRyd" T cells; heterogeneous and included 6 novel RAG mutations. All missense mutations except for Met443lle in
V(D)J recombination RAG2 were located in active core regions of RAGT or RAG2. V(D)J recombination activity of each

mutant was variable, ranging from half of the wild type activity to none, however, a significant
decrease in average recombination activity was demonstrated in each patient. The reduced
recombination activity of Met443lle in RAG2 may suggest a crucial role of the non-core region of
RAG2 in V(D)J recombination. These findings suggest that functional evaluation together with
molecular analysis contributes to our broader understanding of RAG deficiency.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

V(D)J recombination mediated by the recombination acti-
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natural killer (NK) cells (T"B™ SCID) [2], whereas partial loss
results in variant syndromes, such as Omenn syndrome (0OS)
[3] or combined immunodeficiency (CID) presenting with
oligoclonal TCRy6" T cells, autoimmunity and cytomegalovi-
rus (CMV) infection (CID with v6/CMV) [4,5]. OS is charac-
terized by early-onset generalized erythroderma,
lymphadenopathy, hepatosplenomegaly, protracted diar-
rhea, failure to thrive, eosinophilia, hypogammaglobuline-
mia, elevated serum IgE levels, the absence of B cells, and
the presence of activated and oligoclonal T cells [6]. In
contrast to T "B~ SCID and OS, patients affected with CID with
v6/CMV exhibit autoimmune cytopenias, B cells, normal
immunogulobulin levels, oligoclonal TCRy&* T cells, and
disseminated CMV infections [4,5]. Very recently, another
distinct clinical syndrome caused by hypomorphic RAG
mutations has been described. Schuetz et al. [7] reported 3
patients with late age of onset of illness characterized by
hypogammaglobulinemia, diminished numbers of T and B
cells, and the formation of granulomas in the skin, mucous
membranes and internal organs. De Ravin et al. [8] described
an adolescent patient presenting with destructive midline
granulomatous disease who also exhibited autoimmunity,
relatively normal numbers of T and B cells, and a diverse T-
cell receptor (TCR) repertoire.

Herein, we report the identification of 8 RAG mutations
including 6 novel mutations in a group of patients presenting
with a variety of clinical phenotypes, and discuss the
functional significance of these mutations by using the V(D)
J recombination assay.

2. Materials and methods

2.1. Patients

We studied five patients with RAG deficiency from five
families. Table 1 presents the immunological features of the
patients. All patients except for patient 5 were born to non-
consanguineous Japanese parents. The clinical and immuno-
logical data of patient 1 and patient 3 have been reported
elsewhere [9]. Patient 2 was a 1-month-old boy who presented
with generalized erythroderma, hepatosplenomegaly and
Pseudomonas aeruginosa sepsis. Laboratory studies revealed
hypereosinophilia, hypogammaglobulinemia, lack of B cells,
and oligoclonal expansion of activated TCRap* T-cells. These
findings were consistent with typical features of OS. Patient 4
was a 2-year-old girl who presented with prolonged diarrhea,
bronchopneumonia, liver dysfunction and CMV infections. CMV
was detected in her stool and sputum. Laboratory analysis
revealed lymphopenia with normal immunoglobulin levels, an
increased percentage of TCRy6" T cells (61.7% of CD3"), and
multiple autoantibodies including anti-nuclear, anti-DNA, and
antiparietal cell antibodies and Coombs test. In addition, 1gG
antibody against CMV was detected (20.7; normal, <2.0). Her
elder sister suffered from autoimmune hemolytic anemia and
immune mediated thrombocytopenia, and died of fatal
interstitial pneumonia of adenovirus at age of 1 year. Patient
5 was the fourth child born to non-consanguineous parents of
Indian origin. All of her 3 siblings were affected with
immunodeficiency and died within the first year of life.
Patient 5 showed lymphopenia, very low numbers of autolo-
gous T and B cells, preserved numbers of NK cells, and the

Table 1 Immunological features of the patients at
diagnosis.
Patient 12 2 32 4 5
Diagnosis 0s 0s Atypical CID Atypical
0s with SCID with
vo/ MFT
CMV
Age at onset 0 0 7 8 0
(month)
WBC 26,900 19,000 2800 3900 3280
Lymphocytes 8339 5700 1300 546 459
(/mm?)

CD3" (%) 848 4.3 20.0 53.9 7.8
CD4" (%) 56.7. 16,6 17.3 9.9 7.4
CD8" (%) 270 378 1.3 35.4 0.1

CD19* or 0.0 0.2 0.1 11.6 0.1
20" (%)

I1gG (mg/dl) 461 220 328 678 1475

IgA (mg/dl) <4 <1 62 63 114

IgM (mg/dl) <4 <7 31 65 147

IgE (IU/ml) 7 <2 16 NA NA

0S, Omenn syndrome; CID, combined immunodeficiency; <5,
TCRy6" T cells; CMV, cytomegalovirus; SCID, severe combined
immunodeficiency; MFT, maternal T-cell engraftment; WBC, white
blood cells; NA, not available.

2 Data of patient 1 and patient 3 have been reported previously

9.

presence of maternal CD4" T cell engraftment. At the age of
2 months, she remained asymptomatic except for oral thrush
and microcephaly.

Approval for this study was obtained from the Human
Research Committee of Kanazawa University Graduate
School of Medical Science, and informed consent was
provided according to the Declaration of Helsinki.

2.2. Mutation analysis of RAG1 and RAG2

DNA was extracted from blood samples using standard
methods. The RAGT and RAG2 genes were amplified in several
segments from genomic DNA using specific primers, as
previously described [10,11]. Sequencing was performed on
purified polymerase chain reaction (PCR) products using the
ABI Prism BigDye Terminator Cycle sequencing kit on an ABI
3100 automated sequencer (Applied Biosystems, Foster, CA).

2.3. V(D)J recombination assay

In vivo V(D)J recombination assay was performed by using the
recombination substrate pJH200 as described previously with
modifications [3,12]. The complete open reading frames of
human RAG1 and RAG2, and the active core regions of mouse
RAG1 (aa 330-1042) and RAG2 (aa 1-388) were subcloned
into the mammalian expression vector pEF-BOS [13]. PCR
products carrying the patients’ mutations were also sub-
cloned into the vector. Cotransfections of full-length human
RAG1, the mouse RAG2 active core, and pJH200, or of full-
length human RAG2, the mouse RAG17 active core, and
pJH200 into 293T cells were performed using 1 ug of each
plasmid with Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
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Cells were harvested after 48-hours of culture, and the
recombined products of signal joints were analyzed for
recombination frequency by PCR using primers RA-CR2 and
RA-14 [14]. After 30 cycles, the amplified products were
visualized by ethidium bromide staining, and the intensity of
each band was quantified using Image J software (NIH,
Bethesda, MD).

2.4. Analysis of IgE production and somatic
hypermutation (SHM) in variable regions of IgM

Peripheral blood mononuclear cells were isolated and incubated
with 500 ng/ml of anti-CD40 (Diaclone, Besancon, France) and
100 U/ml of recombinant interleukin-4 (IL-4; R&D Systems,
Minneapolis, MN) for 12 days. IgE production in culture super-
natants was determined by enzyme-linked immunosorbent
assay as previously described [15,16]. The frequency and
characteristics of SHM in the Vi3-23 region of IgM were studied
in purified CD19* CD27* B cells as previously described [15,16].

3. Results
3.1. RAG mutations

As shown in Table 2, we found 2 missense and 1 nonsense
mutations in RAG2 and 4 missense and 1 nonsense mutations
in RAG1. Two distinct novel RAG2 mutations, R73H and
Q278X, were demonstrated in patient 1. Patient 2 was found
to be homozygous for a novel M4431 mutation in RAG2.
Patient 3 was a compound heterozygote bearing R142X and
R396H mutations in RAG1. The latter mutation has been
repeatedly reported in OS patients [17]. Patient 4 was a
compound heterozygote bearing R474C and L732P mutations
in RAG1. These missense mutations are novel, although
similar missense mutations, R474S, R474H and L732F, have
been reported in patients with RAG deficiency [17-19].
Patient 5 carried a homozygotic novel E770K mutation in
RAG1. All missense mutations but one (M4431 in RAG2) were
located in the active core regions of RAGT or RAG2, and all

Table 2 RAG mutations and recombination activity.

Patient  Gene Nucleotide  Effect Relative
mutation recombination
activity (%)?
1 RAG2 1419G>A R73H 59.3+4.7
2033 C>T Q278X 0.4+0.3
z RAG2Z  2530G>T°  M443l 8.7£1.2
3 RAG1 536 C>T R142X 51.2+9.2
1299 G>A R396H 1.0+0.5
4 RAG1 1532 C>T R474C 47.2+7.9
2307 T>C L732P 0.5+0.4
5 RAG1 2420 G>A® E770K 15.6+9.1
Control RAG2  wild type - 100
RAG1  wild type - 100

@ Data are expressed as the percentage of activity as com-

pared with that of the wild type protein, and represent the
mean +standard deviation of three independent experiments.
b Homozygous mutation.

patients had at least one missense mutation. None of these
mutations were found in 100 alleles of healthy controls.

3.2. Recombination activity of RAG mutants

To elucidate the pathogenic significance of these novel
mutations, we performed V(D)J recombination assay using
the artificial extrachromosomal rearrangement substrate
(Table 2). As expected, the recombined products were
amplified from 293T cells transfected with both wild type
RAG1 and RAG2, and no products were obtained from 293T
cells transfected with either RAG1 or RAG2 (Fig. 1). Although
the relative recombination activity of each mutant was
variable, ranging from about half of the wild type activity to
none, a significant decrease in average recombination activity
was demonstrated in each patient (Fig. 1 and Table 2). The
effects of the patients’ missense mutations were also
evaluated by the web-based analysis tools including Muta-
tion@A Glance (http://rapid.rcai.riken.jp/mutation/) [20]
and MutationTaster (http://www.mutationtaster.org/) [21].
Mutation@A Glance predicted all the mutation except for the
E770K in RAG1 to be deleterious on the basis of the SIFT
program [22], whereas MutationTaster predicted all the
missense mutations to be disease-causing.

3.3. B cell analysis of patient 4

The percentages of IgD~ CD27* and IgD* CD27* cells within
CD19* B cells from patient 4 were found comparable to
controls (Fig. 2A) [23]. After stimulation with anti-CD40 and
IL-4, B cells from patient 4 produced levels of IgE equivalent
to normal, indicating their capability of undergoing class

A RAGT - WT  R142X R396H R474C L732P E770K
RAGZ + + + + + + +
B RAG1 + + + + +
RAGZ - WT  R73H Q278X M4431
SJ
RAG1
RAG2
Figure 1 V(D)J recombination assay. V(D)J recombination

activity was assessed by using the recombination substrate
pJH200 in 293T cells that were cotransfected with mutant RAG1
and wild type RAG2 (A), or with wild type RAG1 and mutant RAG2
(B). Recombined products (signal joints, SJ) were analyzed by
PCR (top). The presence of RAG1 and RAG2 was verified by
vector specific PCR (middle and bottom).
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Figure 2 B cell analysis of patient 4. (A) B cell subpopulations. Peripheral bloods were stained with FITC-labeled anti-IgD, PE-

labeled anti-CD27, and APC-labeled anti-CD19 monoclonal antibodies. The dot plot of immunofluorescence profiles of IgD and CD27
expression within CD19" B cells is shown. The number indicates the percentage of cells in each quadrant. (B) IgE production. After
stimulation of peripheral blood mononuclear cells with anti-CD40 and IL-4 for 12 days, concentrations of IgE in the culture medium
were quantified. (C) The frequency and pattern of somatic hypermutation in the V};3-23 region of the IgM in memory B cells. RT-PCR
products amplified from purified CD19* CD27" B cells by using V}43-23 and Cp primers were subcloned and sequenced. Nucleotide

changes were evaluated and shown as percentages.

switch recombination and IgE synthesis in vitro (Fig. 2B). In
addition, the frequency and nucleotide substitution patterns

of SHM were similar to those of healthy individuals (Fig. 2C).

4. Discussion

RAG deficiency has been considered to display a range of
phenotype from classical T"B~ SCID (complete RAG deficiency)
to OS (partial RAG deficiency), depending on residual V(D)J
recombination activity [24]. Atypical SCID/0S or leaky SCID may
be also diagnosed in patients who show incomplete clinical and
immunological characteristics and do not fulfill the criteria for
SCID or OS [17]. However, it has recently been recognized that
the clinical spectrum of RAG deficiency is much broader and
includes CID with y6/CMV [4,5], and CID with granulomatous
inflammation [7], or destructive midline granulomatous disease
[8]. In the present study, we studied 5 cases of RAG deficiency
including 3 of OS, 1 of CID with y6/CMV, and 1 of SCID with
maternal T-cell engraftment, and identified 6 novel and 2
recurrent RAG mutations in these patients.

Hypomorphic RAG mutations leading to immunodeficien-
cy have been shown to have up to 30% of wild type RAG
activity by V(D)J recombination assay [7]. Although the R73H
mutation in RAG2 from patient 1, the R142X mutation in
RAG1 from patient 3, and the R474C mutation in RAG7 from
patient 4 exhibited around half of the wild type activity, all
of these patients also had mutations with extremely low
levels of recombination activity on the other allele, resulting
in a substantial decrease in the average recombination
activity due to a tetrameric complex formation of RAG1 and
RAG2 during V(D)J recombination [1]. Similar results were
obtained from an investigation of a RAG-deficient patient
with destructive granulomatous disease who carried a W522C

mutation with half of the recombination activity and a
L541CfsX30 mutation with no recombination activity in RAG1
[8]. It therefore seems reasonable that the clinical pheno-
type of partial RAG deficiency in patients 1, 3 and 4 is a
consequence of these combinations of the mutations.

Biochemical studies have identified the core regions of
RAG1 and RAG2 that are the minimal regions necessary for
recombination of exogenous plasmid substrates in vivo and for
DNA cleavage in vitro [1]. The M443] missense mutation
demonstrated in patient 2 was located in the noncanonical
plant homeodomain (PHD) of the non-core region of RAG2.
Recent evidence indicates the importance of the non-core
regions of RAG1 and RAG2 in V(D)J recombination and
lymphocyte development [25]. The PHD of RAG2 has been
shown to play crucial roles for chromatin and phosphoinositide
binding, regulation of protein turnover, and cellular localiza-
tion of RAG2 [26]. Additionally, the PHD of RAG2 is known to
recognize histone H3 that has been trimethylated at the lysine
at position 4 by interacting with 4 essential amino acids, Y415,
M443, Y445, and W453 [27]. To date, 8 mutations of the non-
core region in RAG2 (W416L, K440N, W453R, A456T, C446W,
N474S, C478Y, and H481P) have been reported in patients with
T B~ SCID or OS [28]. A significant decrease in recombination
activity of the M4431 mutation from our patient further
supports the important role of PHD of RAG2 in regulating V
(D)J recombination.

Although the R142X nonsense mutation found in the N-
terminal domain of RAG1 in patient 3 should have resulted in a
complete loss of function, it remained partially functional for
recombination unlike the Q278X mutation in RAG2 in our assay.
On the other hand, the same R142X mutation has been described
in a typical OS patient who also had a nonfunctional frameshift
mutation in the core region of RAG1 on the other allele, thus
suggesting that the residual V(D)J recombination activity exists
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with the R142X mutation [29]. One explanation for these findings
is alternative usage of methionine as a translation start site,
which has been reported in OS patients with N-terminal RAG1
frameshift mutations [30,31]. A translation start prediction
program NetStart 1.0 also indicated that methionines at codon
183 and 202, which were the first and second methionines found
after the R142X mutations, could be alternative translation start
sites with scores comparable to the conventional initiator codon
1 (http://www.cbs.dtu.dk/services/NetStart/) [32]. Therefore,
it is possible that an N-terminal truncated and partially
functional RAG1 protein generated by alternative usage of
methionine led to the OS phenotype in our patient.

The clinical features of patient 4 were consistent with CID
with y6/CMV. Despite decreased recombination activity,
patient 4 exhibited normal immunogulobulin levels and a
normal percentage of peripheral B cells. These findings were in
contrast to SCID and OS, but were in agreement with previously
described cases of this disease [4,5]. Moreover, our B cell
analysis of patient 4 revealed normal maturation, normal
production of IgE after stimulation with anti-CD40 and
interleukin-4, and normal somatic hypermutation in CD27* B
cells. Taken together, our case provided additional data of the
genetic and immunological features of this unique disease.

RAG mutations found in patients with typical T'B~ SCID
have been usually shown to abrogate recombination activity
almost completely [2,33]. The residual V(D)J recombination
activity resulting from the E770K mutation in RAG1 was
associated with the SCID phenotype in patient 5. Despite
trends towards more severe mutations, such as nonsense and
frameshift mutations in SCID patients, missense mutations can
lead to the SCID phenotype [33]. It is also known that the same
mutations may cause different clinical phenotypes, presenting
as either T"B~ SCID or OS [18], and as either T"B~ SCID or CID
with y6/CMV even within one family [34,35]. These findings
suggest that that residual V(D)J recombination activity may
not be solely responsible for the disease development. Further
studies will be necessary to assess additional factors that
influence the clinical phenotype of RAG deficiency.

In summary, our studies demonstrated the pathogenic
significance of the 8 RAG mutations including 6 novel
mutations from 5 patients with RAG deficiency. The charac-
terization of the genetic defects and functional abnormalities
in RAG-deficient patients will help define the role of RAG in V
(D)J recombination and may lead to a better understanding of
the variable phenotypic expression in RAG deficiency.
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Abstract

Although mutation analysis serves as a key part in making a definitive diagnosis about a genetic disease,
it still remains a time-consuming step to interpret their biological implications through integration of
various lines of archived information about genes in question. To expedite this evaluation step of
disease-causing genetic variations, here we developed Mutation®A Glance (http://rapid.rcai.riken.jp/
mutation/), a highly integrated web-based analysis tool for analysing human disease mutations; it
implements a user-friendly graphical interface to visualize about 40 000 known disease-associated
mutations and genetic polymorphisms from more than 2600 protein-coding human disease-causing
genes. Mutation@A Glance locates already known genetic variation data individually on the nucleotide
and the amino acid sequences and makes it possible to cross-reference them with tertiary and/or quatern-
ary protein structures and various functional features associated with specific amino acid residues in the
proteins. We showed that the disease-associated missense mutations had a stronger tendency to reside in
positions relevant to the structure/function of proteins than neutral genetic variations. From a practical
viewpoint, Mutation@A Glance could certainly function as a ‘one-stop’ analysis platform for newly deter-
mined DNA sequences, which enables us to readily identify and evaluate new genetic variations by inte-
grating multiple lines of information about the disease-causing candidate genes.
Key words: genetic disease; mutation; polymorphism; bioinformatics; protein structure

1. Introduction causing genetic diseases.' For instance, primary
immunodeficiency diseases (PIDs) are caused by con-

Genetic diseases are caused by structural changes genital defects in genes involved in the development
in genes and/or chromosomes. In the Online and maintenance of the immune system,*® and
Mendelian Inheritance in Man (OMIM, http://www. they can be diagnosed using mutation analysis that
ncbi.nlm.nih.gov/sites/entrezzdb=omim)  database, identifies pathogenic mutations in candidate PID
more than 2200 genes are known to have mutations genes. This process plays a critical role in improving
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the quality of life for PID patients.* In this regard, the
recent advances in DNA sequencing technology will
extremely expedite this process. Thus, the next bottle-
neck to be addressed is obviously how to clarify the
associations between newly identified patient-specific
genetic variations and disease phenotypes, even when
familial disease history is absent. To eliminate the
bottleneck in mutation analysis, we need a bioinfor-
matics tool that would enable us to readily evaluate
the impact of a genetic variation on the structure/
function of a gene product at the molecular level.
Towards this end, our first step was to develop an inte-
grated ‘one-stop’ analysis platform where we could
cross-reference multiple lines of information regard-
ing known genetic variations, including a huge
amount of non-synonymous (ns) single-nucleotide
polymorphisms (nsSNPs) in healthy individuals,®>~7
in genes of interest.

Bioinformatics resources and methods played an
indispensable role in creating this platform.®~'2
Although a number of databases regarding reported
human disease mutations and SNPs have been
already constructed,"> %% these databases were
launched as a static archive for genetic variation data,
not necessarily an interactive tool for evaluating
newly identified sequence variation data. Several com-
putational algorithms for predicting the effects of ns
substitutions on a corresponding protein have been
developed using evolutionary and protein three-
dimensional  (3D) structure information 263!
However, despite public availability of these soft-
ware/web servers, there are at least two hurdles,
especially for clinical researchers to exploit them for
the mutation analysis: (i) since these servers usually
require information about the position of the genetic
variation occurred in a submitted sequence as a
query input, the users have to specify the variation pos-
ition in the sequence before submitting the query; (ii)
since these servers do not necessarily incorporate
known disease-associated mutation data into their
systems, the users have to manually compare their
newly identified genetic variation data from patients
with previously reported data. Thus, we thought it
was important to integrate predictive bioinformatics
tools, such as the one described above, with a compre-
hensive set of known genetic variation data, to create a
‘one-stop’ mutation analysis platform.??

In this context, here we present Mutation@A
Glance (http://rapid.rcai.riken.jp/mutation/), a new
web-based integrated bioinformatics tool for analysing
mutations from human genetic diseases. The user-
friendly graphical interface of Mutation@A Glance
makes it possible to allocate known disease-associated
mutation data on the nucleotide and amino acid
sequences of a gene of interest, and to link these
mutation data to the 3D structure of the gene product

[Vol. 17,

along with various lines of information about the
mutated amino acid residues (e.g. the extent of evolu-
tional sequence conservation, post-translational modi-
fications and molecular interactions). Furthermore,
this tool enables users to identify and evaluate newly
identified sequence variations in a query DNA sequence
from a gene of interest by comparing them with known
disease-associated mutation data and using the SIFT
program,”® which is one of the most accurate and
widely used program to specifically predict the effects
of ns substitutions based on evolutionary information
for each residue position.>*® Therefore, Mutation@A
Glance surely serves as a ‘one-stop’ informational plat-
form to identify and evaluate new genetic variations
by integrating multiple lines of information about the
disease-causing candidate genes.

2. Materials and methods

2.1. Data resources for disease-associated genes and
sequence variations

Human disease-associated mutation data were
obtained from the following three databases: OMIM
(ht'cp://www.nc:bi.nIm.nih.gov/omim/),1 UniProt
(http://www.uniprot.org/)** and RAPID (http://rapid.
rcai.riken.jp/).'” Sequence variations that were associ-
ated with OMIM in the dbSNP database (Build 130,
http://www.ncbi.nlm.nih.gov/projects/SNP/)'®  were
considered to be disease-associated mutations and
other variations were considered non-disease associ-
ated. For the mutation data in the UniProt database,
VARIANT features associated with diseases in the
human entries were considered. RAPID is a molecular
database that we have recently established for
reported disease mutation data in genes causing
PIDs."” The RAPID database is directly connected to
our local server and the mutation data (as of August
2009) are retrieved using a Perl script. The human
genome sequence (Build 36.3), RefSeq sequences for
nucleotides and proteins of human were downloaded
from the NCBI ftp site (ftp://ftp.ncbi.nlm.nih.gov/).
Information regarding residue-wise functional features
(Transmembrane helix, signal peptide, nucleotide
binding, disulphide bond, metal binding, active site
and post-translational modification site) was extracted
from the human entries in the UniProt database.
Information regarding the exon—intron structures of
each gene was downloaded from the NCBI ftp site.

2.2. Calculation of sequence conservation in ns
substitution sites
Homologous protein sequences in other organisms
to the human proteins encoded by disease-causing
genes were identified using the BLAST program®®
against the RefSeq database (6 691 817 amino acid
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sequences) with a cut-off E-value of 1074 If the
sequence identity and the coverage between a
sequence hit and the human were higher than 40%
and 80%, respectively, the sequence was selected as
a homologous sequence. When two or more
sequences from an organism were found as homolo-
gous sequences, the sequence with the highest
sequence identity was only considered. The homolo-
gous protein sequences from various organisms were
aligned using the CLUSTAL W program.*® A degree of
sequence conservation at each amino acid position
in the multiple sequence alignment (simply desig-
nated as ‘residue conservation’ in Fig. 1) was defined
as the ratio of (the number of the homologous
protein sequences which carried an identical amino
acid residue to that in the human sequence) to
(the number of the aligned homologous protein
sequences) at the specified position in the multiple
sequence alignment. For example, if Ala appears in
an aligned position in the human sequence and the
corresponding positions in all of the other homolo-
gous sequences are also Ala, the residue conservation
in this position is defined as 1.0. The frequency distri-
bution of the residue conservations in disease-associ-
ated missense mutation or nsSNP positions for
proteins analysed in this study was represented
using bins of the interval of 0.2. The value in each
bin was normalized by the frequency of the total
number of residues in each bin.

2.3. Protein 3D structure information

Protein 3D structure data were downloaded from
the Protein Data Bank (PDB, http://www.rcsb.org/
pdb/).3” In cases where the 3D structure of a
human protein had not yet been determined, we

0.6 ~

@ Disease mutations
- N B nsSNPs
02

: —= A

e
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-0.2 \/_‘,,
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Figure 1. Comparison of frequency distributions of residue
conservations in disease-associated missense mutations and
nsSNPs. The vertical axis depicts the log-odds ratio of the
frequency of ns substitution residue positions (disease-
associated mutations or nsSNPs) to those of total number of
residues in each residue conservation bin.
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searched the available sequences in the PDB entries
for a template structure for homology modelling
using the BLAST program as described above. When
the alignment of the human protein sequence and a
known 3D structure showed >30% identity and
>90% coverage, a homology model was built using
the MODELLER package.®® For each target, 20 model
structures were generated and their reliabilities were
assessed with the Discrete Optimized Protein Energy
(DOPE) method.*? Eventually, the model with the
best DOPE score was selected as the final model for
each protein. Information about protein quaternary
structures was also extracted from the PDB database.
Entries from the PDB that contained information
about the biological unit structure and entries with
polypeptide chains showed >85% identities with a
human protein sequence were considered. When a
distance of one atom in a residue in a given polypep-
tide chain was <5.0 A from that of another residue in
the other polypeptide or nucleotide chain, the residue
was considered to be located at a molecular inter-
action interface.

2.4. Solvent accessibility calculations

The solvent accessibilities of the amino acid resi-
dues in a 3D modelled structure were calculated
using a modification of the Shrake and Rupley
method,* with a water molecule represented by a
1.4 A radius sphere. The solvent accessibility is rep-
resented by values ranging from 0 to 1. The residue
was considered as an exposed residue on the protein
surface, if the solvent accessibility was >0.25 and
buried otherwise.

2.5. Disorder prediction

We used the DISOPRED2 program®' to analyse each
amino acid sequence of a gene product and predict
intrinsically unstructured (disordered) regions in the
protein sequence. If the program predicted a region
consisting of more than three amino acid residues in
a sequence to be ‘disordered’, we assigned this
region as an intrinsically unstructured one.

2.6. Predicting the effect of ns substitutions on proteins
The effects of ns substitutions on a given protein
were evaluated on a local server using the SIFT
26 bt ; ;
program*® which predicts the effects of missense sub-
stitutions on a protein based on evolutionary infor-
mation from homologous protein sequences.

2.7. System implementation

At the server end, a set of common gateway interface
programs was written in Perl and is running on an
Apache web server. The information regarding the
disease-associated genes and the sequence variations
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described above was integrated into a MySQL database
implemented in the server. At the client end, JavaScript
frameworks such as prototypejs (http://www.
prototypejs.org/) and scriptaculous.js (http://script.
aculo.us/) were used to make the user interface
more interactive. Jmol, a Java applet (http://www.
jmol.org/), was implemented for visualizing protein
3D structures in a web browser.

3. Results and discussion

3.1. Statistics of the sequence variation data on
Mutation@A Glance

From three data resources for human disease
mutations, OMIM, UniProt and RAPID, we obtained
25616 disease-associated mutations and 21 199
nsSNPs in 2656 human genes (Table 1) and inte-
grated into the local database. Functional classifi-
cation of the proteins encoded by the disease-
associated genes showed a wide variety of molecular
functions such as metabolic enzymes, protein
kinases, transcription factor/regulators and structural
proteins (Table 1 and Supplementary Table S1).
Because we have been actively analysing mutations
found in patients of PIDs with paediatricians in
Japan, we constructed RAPID and used it as our orig-
inal data resource for genetic variations in genes
responsible for PIDs.'” RAPID contains manually
curated mutation data from published literature,
including nonsense (582 sites in 96 genes), frame-
shift (851 sites in 101 genes) and insertion/deletion
(85 sites in 42 genes) mutations as well as missense
mutations (1564 sites in 116 genes) in the protein-
coding regions of 155 PID genes (as of August
2009). For non-PID genes, we used two publicly avail-
able data sets from UniProt and OMIM. The UniProt
database contains only missense mutation data
(22 258 entries in 2614 genes). On the other hand,
the OMIM database contains a large number of mis-
sense mutation (1899 entries in 556 genes) and a
relatively small number of the other types of
mutations (99 entries in 13 genes). The RAPID and
the OMIM databases also contain 699 disease-associ-
ated mutation data in intronic regions of 147 genes
that cause splice anomaly effects. Thus, the most fre-
quent mutation type in our data sets was missense
mutation (89% of the total entry) as reported in the
previous study.'?

3.2. Evolutionary, structural and functional features of
the ns substitution positions

In general, disease-associated missense mutations
tend to occur at evolutionarily conserved positions,
because these positions are usually essential for the
structure and/or function of a protein.?®*%*% To
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Table 1. Functional classification of disease-associated gene

products

Molecular class No. of No. of mutations® No. of
genes nsSNPs

Enzymes 410 5406 (5003) 2476

Protein kinases 258 1947 (1340) 2452

‘Transcription factor/ 239 2889 (2743) 1502

regulator

Structural proteins 132 1588 (1377) 1800

Cell surface receptors 123 1271 (1165) 838

Transport/cargo 116 1617 (1411) 1139

protein

DNA/RNA binding 97 429 (369) 580

proteins

Integral membrane 87 446 (434) 698

protein

Channels 79 958 (948) 639

GTPase/GTPase 71 371 (351) 450

regulators

Membrane transport 67 755 (751) 523

protein

Immunity proteins 58 496 (183) 423

Extracellular matrix 53 886 (884) 939

protein

Proteases 53 345 (284) 368

Cell adhesion 52 390 (363) 428

molecules

Others 430 4647 (4091) 3863

Unclassified 331 1175 (987) 2081

Total 2656 25616(22684) 21199

“The numbers in parentheses indicate the number of
disease-associated missense mutations.

verify this using the up-dated data set, we compared
the frequency of disease-associated missense
mutation sites (19 128 unique positions in 2622
genes) in each residue conservation bin with that of
nsSNP sites (20 605 positions in 2494 genes)
(Fig. 1). The results indicated that the previously
reported tendency was still true for the 2622 genes
in our data set; the disease-associated mutation sites
were preferably appeared in the highest residue con-
servation bin, while nsSNP sites showed the opposite
trend (Fig. 1). Next, we cross-referenced amino acid
positions of the disease-associated missense
mutations and nsSNPs to the functional features and
3D structures of the protein data in Mutation@A
Glance. We classified these positions in terms of
their functional features in a protein (annotated in
the UniProt databases; Table 2). More disease-associ-
ated missense mutations were found in the positions
annotated to have some functional features, except
in the ‘signal peptides’ and ‘post-translational modifi-
cation sites’, than nsSNPs. Using a homology model-
ling technique, we mapped 10 939 out of 19 128
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Table 2. Structural and functional loci of mutation/nsSNP sites

Property Disease mutations  nsSNPs
Transmembrane helix 1283 648
Nucleotide binding 670 102
Disulfide bond 385 39
Metal binding site 226 147
Signal peptide 101 262
Post translational modification site 97 104
Binding site? 48 12
Active site? 25 6

2As defined in UniProt database (described in the text).

disease-associated mutation sites (57.2%) to protein
3D structures (Fig. 2). Of these sites, 6616 sites
(60.4%) were located in regions buried in protein

A Disease mutations

A. Hijikata et al. 201

structures (solvent accessibility <0.25). In the same
way, 7106 out of 20 605 nsSNP sites (34.4%) were
mapped to 3D structures, and 4258 sites (59.9%)
were located on the surfaces of proteins (Fig. 2A).
This observation is basically consistent with the
previous findings from structural analysis.**~*°
Interestingly, nsSNP sites were located in regions
predicted as intrinsically disordered at a three times
higher frequency than disease-associated mutation
sites (Fig. 2A). This might be ascribed to the
observation that conservation in the intrinsically
disordered regions is relatively lower than that in
ordered regions.*’

Proteins function with other molecules in
molecular networks (e.g. signalling pathways) in
many cases. Hence, the effects of mutations on mol-
ecular interactions must be intriguing in mutation

nsSNPs

[ 3D structure, buried  F] Intrinsically disordered
B3 3D structure, surface [ | Not assigned

!3 Disease mutations

nsSNPs

[ interface
D Not interface

Figure 2. Classification of disease-associated mutations and nsSNPs according to their location on protein 3D structure. (A) The numbers in
the pie charts depict those of ns substitution positions. (B) Proportion of ns substitution positions in the disease-associated mutations or
nsSNPs that were located on the interface of the experimentally determined quaternary structures.
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analysis.*® We thus analysed whether or not the mis-
sense mutation positions were located in the molecu-
lar interaction sites based on the quaternary protein
structures available from the PDB. Consequently,
714 out of 1738 disease-associated mutation sites
(41.1%) were found to locate at the interfaces of
474 distinct proteins known to be involved in
protein complex structures (Fig. 2B; see Section 2.3).
In contrast, the same was true for only 346 out of
1128 nsSNP sites (30.7%) in 447 genes. We con-
firmed that the frequency of disease-associated
mutation sites located at the molecular interaction
interface was significantly higher than that of nsSNP
sites by x” test (P< 0.01). These results implicated
that ns substitutions at positions involved in the
molecular interaction tend to be disease-related as
we expected.

Integrative Web Tool for Human Disease Mutation

[Vol. 17,

3.3.  The user interface for visualizing sequence
variations

Figure 3 shows the front page of the Mutation@A
Glance website. It has two types of query forms, for
visualizing known disease mutation data (Fig. 3A)
and for evaluating novel genetic variations in query
DNA sequences (Fig. 3B). For the visualization, a user
inputs a given gene symbol of interest in the form.
When the user enters some characters in the form, a
list of gene names containing the input character
string is shown to assist the user input. In addition, a
user can also search for the gene name of interest
from an entire list of genes available in Mutation@A
Glance, which is displayed by clicking ‘Select from
List’ button (Fig. 3A). Just as information for users,
the mutation data set used for each gene is noted
near the ‘Select from List’ button. Figure 4 shows

Last Update: February 17, 2010

Home Help

- Mutatiog/A Glance

Welcome to Mutation@A Glance
This website ides the i with a

ool for

analysis of

causative genes of human diseases. Curently. mutation data of 2656 genes associated with human

diseases avaitable in OMIM, UniProt and i3

To learn how to use this 1ool, please see short videos for your guidance. This website works fine on
firgfox. Safari or Google Chrome. If it does not work on your browser, please check System
Requirements.

Browse Knoun Mutations

eetrieved from OMIM and UniProt databases.

Please enter 3 gene symbol of interest, e.g. STATY, 1o browse the known

genes in the RAPID database, and the data for the other genes are

mutation data on the # acid and protein

structures.

Gene symbol @ |
Select From List i

i .

 Submit ‘Ooml |

Note: M. iy curated fon dats is cu ity only for PID §

Find New Mutations

DNA sequence data to find and evals the
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input sequencels).
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g in the

@)

Paste the DNA sequences (FASTA formay 8

H
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Upload a file for the sequences (FASTA formaty @
(7PARERR I VrAANE. TUERA

Copyright © RIKEN Research Centes for Allergy and Immonology, Jasss & the Institute of Boinformatis, s

fomac Uz Dischiimer 4

Figure 3. The front page of Mutation@A Glance. There are two types of query interface for (A) browsing known mutation data and (B)
evaluating novel sequence variations in DNA sequences of interest. See the main text for details of the mutation data available in

Mutation@A Glance.
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Figure 4. Screenshots of Mutation@A Glance. An example of visualizing mutation data for STAT3 is shown at the DNA (A) and the protein
levels (B). The nucleotide and amino acid positions of disease-associated mutations and SNPs are coloured magenta and green,
respectively. At the protein level, various types of information for the mutated amino acid residues can be viewed. (C) The detailed
information about the position of nucleotide or amino acid residues selected. (D) A multiple sequence alignment of human and the
other organisms STAT3 protein sequences. (E) Detailed information about the 3D structure displayed with Jmol and the
representation option menu for 3D structure information. (F) External links to other website for various types of information about

the gene, e.g. gene expression and signalling pathway.

sample screenshots for the STAT3 gene, which is
known to be causative to hyper-Ige syndrome
(HIES).*?5% At the DNA level, positions of the
disease-associated mutations, including substitution,
insertion and deletion, as well as SNPs are shown on
a set of exon sequences or genomic DNA sequence
with/without the open-reading frame for the gene
of interest (Fig. 4A). If two or more alternative
transcripts exist in the RefSeq database, the genetic
variation data are allocated on the reference sequence

that encodes the longest amino acid sequence among
the alternative transcripts whereas all the alternative
transcripts are indicated in the top panel of the
genomic structure. At the protein level, the disease-
associated mutation and SNP sites are highlighted in
the primary structure of the gene products along
with available functional annotation information of
the amino acid residues from the UniProt database
(e.g. enzymatic active sites and post-translational
modification sites, etc.) (Fig. 4B). Information regarding
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conserved domain from Pfam (http://pfam.sanger.ac.
uk/)®>" and predicted intrinsically disordered regions
are also displayed. When 3D structure information for
the protein is available, the positions of mutation and
SNP data can be viewed on the monomer or complex
3D structures with the Jmol applet (Fig. 4B). Detailed
information about nucleotide or amino acid residues
of interest is displayed in another window after clicking
on a residue (Fig. 4C). In particular, at the protein level,
an amino acid residue becomes highlighted in the 3D
structure when clicking on it (Fig. 4B). The amino acid
sequence of human can be compared with those of
other organisms by clicking ‘Multiple Alignment’
button (Fig. 4D). The representation of the 3D structure
can be selected from two model types (ribbon or space-
filling models) and three colouring types (by rainbow,
highlighting mutation positions or residue conserva-
tion) (Fig. 4E). The ‘External Links’ button provides
links to NCBI Entrez Gene (http://www.ncbi.nlm.nih.
gov/sites/entrez?db=gene)®? for general informa-
tion regarding the gene, Human Protein Reference
Database (http://www.hprd.org/)®® for information
about the gene product, GeneCards (http://www.
genecards.org/),”* the Reference Database of Immune
Cells (http://refdic.rcai.riken.jp/)*° for gene expression
profiling data and the KEGG pathway (http://www.
genome,jp/)°® for pathways involving this gene
(Fig. 4F). By using this visualization facility, mapping
amino acid positions of known ns substitutions on the
crystal structure of the STAT3—DNA complex (PDB
code: 1bg1)®’ revealed that the disease-associated
missense mutation residue positions were spatially
located at the interface of the homodimer or at the
DNA binding site, whereas the nsSNP residue positions
were located on a surface outside of the molecular inter-
action sites (Fig. 5). This suggests that disease-causative
missense mutations in STAT3 directly affect the protein—
protein and/or protein—DNA interaction as reported
previously.**>? This is a good demonstration how
Mutation@A Glance could help us interpret mutation
effects at the molecular level.

3.4. Evaluating the sequence variations in query
sequences

One of the issues of diagnosis of genetic diseases is
how to evaluate the pathogenicity of newly identified
sequence variations. To address this issue,
Mutation@A Glance has an interface that allows clini-
cal researchers to assess the impact of an observed
sequence variation in a given DNA sequence for a can-
didate disease-causing gene as the second query form
(Fig. 3B). When a user submits DNA sequences of a
candidate gene in question, this tool returns a list of
sequence variations found in the input DNA
sequences at both the DNA and the protein levels

[Vol. 17,

g

STAT3 subunit A

subunit B

Figure 5. Spatial localization of disease-associated missense
mutation sites on the STAT3 protein structure. Two STAT3
subunits are represented as a space-filling model coloured
white (subunit A) and a ribbon model coloured pink (subunit
B), respectively. A double-stranded DNA is represented as a
ribbon model coloured light green. The disease-related
missense mutations and nsSNPs of STAT3 (subunit A) are
coloured magenta and green, respectively.

(Fig. 6). To identify genetic variations that occur in
input DNA sequences of a given gene, the BLAT
program®® is implemented to align the input DNA
sequences with the reference genomic DNA sequence
for the corresponding gene. Figure 6A represents the
alignment status of the query sequence to the refer-
ence sequence. If a sequence variation is found, mul-
tiple lines of detailed information about the
variation, such as the variation types (e.g. substitution,
insertion and deletion), the mutated region (e.g. exon,
intron and 5’- or 3’-splice sites constituting the GT-AG
rule), the amino acid changes (e.g. missense, non-
sense, insertion/deletion and frame-shift), the
known variation data (disease-associated mutation
and SNP) and structure/function features of the pos-
ition at the protein level, are displayed based on the
reference human genome sequence in the public
database (Fig. 6B). Sequence alignments between
the query and reference sequences are also displayed
(Fig. 6C). If a ns substitution is found in the query DNA
sequence, it was evaluated by the SIFT program?®
(incorporated in the local system), which predicts
whether amino acid substitutions in a protein will
be ‘Deleterious’ or ‘Tolerated’ using evolutionary
information from the homologous proteins (Fig. 6B).
We tested the prediction accuracy of SIFT with
our data sets of disease-associated mutations and
non-disease-associated nsSNPs, and found that the
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Figure 6. An example of evaluating sequence variations in query STAT3 DNA sequences. (A) The mapping status of each query sequence to
the reference sequence is shown. (B) If a variation is found in the query sequence, the detailed information is shown for each variation
(e.g- the positions on the DNA/protein sequences, the type of variation and the description as to whether or not it is known as a disease-
associated mutation or SNP). Results from the SIFT program (Tolerated’ or ‘Deleterious’) are also shown if the variation caused ns
substitutions. (C) The query-reference sequence alignment around the altered nucleotides is depicted. (D) The variations can be
visualized in the viewer, represented by different colours for known disease mutations or SNPs as ‘User’s Data’.

false-negative rate (falsely predicted as Tolerated’ for
disease-associated mutations) and the false-positive
rate (falsely predicted as ‘Deleterious’ for nsSNPs)
were 25% and 39%, respectively. These accuracy
values were comparable to those evaluated in pre-
vious study.>® The current version of Mutation@A
Glance does not implement a method for quantitative
evaluation of mutation effects on RNA splicing, mainly
because we considered the evaluation method is not
matured enough yet. However, because the evalu-
ation of mutation effects on RNA splicing/stability is
very intriguing, we will place a high priority on the
implementation of the evaluation tool for genetic
variations affecting RNA splicing/stability in the
future development.

There are several advantages of Mutation@A Glance
over other existing web servers for evaluating the

effects of mutations. First, users are only required to
have DNA sequences from a particular gene as their
input and thus do not need to pre-process their sub-
mission data; other websites for evaluating the
mutation effects require a list of genetic variations as
a query, not raw sequence data.’®*' Secondly,
Mutation@A Glance identifies and addresses multiple
types of sequence variations (e.g. insertion/deletion,
frame-shifts) from input query DNA sequences
whereas the other web servers do not. Thirdly, newly
identified genetic variations can be easily compared
with known mutation and SNP data using the graphical
visualization interface of Mutation@A Glance (Fig. 6D).

From a viewpoint of clinical use, it is obvious that any
mutation analysis platform cannot serve as a useful
one without reliable mutation data sets. However,
whereas large amounts of disease-associated mutation
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data for various genetic diseases have been reported,
most of them are dispersed and stored locally. Only a
few websites, eg. OMIM and UniProt, integrate
disease-associated mutation data and allow us to
download their contents. However, the mutation data
in such databases have a relatively low integrity in
terms of updating and coverage. Thus, we have begun
to comprehensively collect and manually curate the
disease-associated mutation data from published lit-
erature focusing on PIDs and established a resource
of PID research for clinical use, named RAPID.'”
Mutation@A Glance thus uses these manually curated
data sets for over 150 PID genes in the RAPID database,
which is solid enough for clinical use at least for PID
analysis. To make Mutation@A Glance a reliable and
general mutation analysis platform for other various
genetic diseases in the future, we consider that data
sharing with experts in particular diseases will be
highly important as in the case of PID; otherwise it
would take a long time to accumulate extensive
mutation data of all human disease genes to an accep-
table level for clinical use. In fact, similar efforts along
this direction have been being made by the research
community.'?

As new technologies for determining genetic vari-
ation in humans have rapidly and continuously
emerged (such as next generation DNA sequencing),
amounts of genetic variation data of human are expo-
nentially growing.>”>° Therefore, we will continue to
update and improve the Mutation@A Glance system,
in order to cope with the larger-scale data analysis
for more comprehensive identification of disease-cau-
sative candidate genes. Implementing APl programs
into Mutation@A Glance for query submissions and
a retrieval system through command line scripts
would be more convenient for this purpose.

In summary, Mutation@A Glance provides a highly
integrated bioinformatics tool for mutation analysis
not only for facilitating visualization of sequence vari-
ation data along with various types of information,
including primary and tertiary structures of the gene
products, but also for evaluating the effects of novel
sequence variations in a query input DNA sequence.
This tool works solely on a web browser through
Internet and is open to the public. Hence, Mutation@A
Glance can be used as a ‘one-stop’ integrated bioinfor-
matics platform for analysing genotype—phenotype
relationships of genetic diseases from molecular as
well as clinical perspectives.
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